Tumors induce new blood vessel growth primarily from host organ microvascular endothelial cells (EC), and microvasculature differs significantly between the lung and liver. Vascular endothelial growth factor (VEGF or VEGF-A) promotion of tumor angiogenesis is thought to be mediated primarily by VEGF receptor-2 (VEGFR-2). In this study, VEGFR-2 antibody (DC101) inhibited growth of RenCa renal cell carcinoma lung metastases by 26%, whereas VEGFR-1 antibody (MF-1) had no effect. However, VEGFR-2 neutralization had no effect on RenCa liver metastases, whereas VEGFR-1 neutralization decreased RenCa liver metastases by 31%. For CT26 colon carcinoma liver metastases, inhibition of both VEGFR-1 and VEGFR-2 was required to induce growth delay. VEGFR-1 or VEGFR-2 inhibition decreased tumor burden not by preventing the establishment of micrometastases but rather by preventing vascularization and growth of micrometastases by 55% and 43%, respectively. VEGF induced greater phosphorylation of VEGFR-2 in lung ECs and of VEGFR-1 in liver ECs. EC proliferation, migration, and capillary tube formation in vitro were suppressed more by VEGFR-2 inhibition for lung EC and more by VEGFR-1 inhibition for liver EC. Collectively, our results indicate that liver metastases are more reliant on VEGFR-1 than lung metastases to mediate angiogenesis due to differential activity of VEGFRs on liver EC versus lung EC. Thus, therapies inhibiting specific VEGFRs should consider the targeted sites of metastatic disease. Cancer Res; 70(21); 8357-67.
Introduction
Vascular endothelial growth factor (VEGF or VEGF-A) is overexpressed by the vast majority of solid tumors (1) , and circulating levels of VEGF are elevated in many cancer patients, including those with colorectal and renal cell cancer (2) . Inhibition of VEGF can effectively suppress tumor angiogenesis in mouse tumor models (3) , and numerous inhibitors of VEGF are currently in clinical use (4) . VEGF exerts its effects primarily through two tyrosine kinase receptors, VEGF receptor-1 (VEGFR-1; Flt-1) and VEGFR-2 (Flk-1, KDR), which are expressed by endothelial cells (EC; ref. 3) . VEGFR-2 is believed to mediate the primary downstream effects of VEGF on ECs including increased vascular permeability, proliferation, migration, and survival (5) . VEGFR-1 has generally been thought to transmit only weak mitogenic signals (6) .
New tumor blood vessels are derived primarily from the microvascular ECs of the host organ or tissue (7) , although there is also a contribution from bone marrow-derived EC precursors (8, 9) . Significant heterogeneity exists between the microvascular endothelium of different organs in terms of structure and function (10) , and ECs from different microvascular beds have distinct gene expression patterns (11) and cell surface proteins (12) . Morphologically, liver (microvascular) sinusoidal ECs are discontinuous with fenestrations and allow free passage of nutrient-rich plasma, whereas lung microvascular ECs are continuous and prevent accumulation of fluid (12) . The amount of VEGF produced by surrounding parenchymal cells is an essential factor in these morphologic differences (13) . Given that microvascular ECs from different organs have such heterogeneous characteristics and requirements for VEGF, it is reasonable to expect that inhibitors of VEGF or VEGFRs may have significantly different effects on metastatic tumors growing in various organ sites (14) .
Neutralizing antibodies targeting specifically VEGFR-1 or VEGFR-2 are currently being examined in clinical trials for metastatic solid tumors often without consideration for the specific sites of disease (15) . In this study, we examined the effects of VEGFR-1 and VEGFR-2 inhibition in vitro on lung and liver ECs. We further examined the effects of VEGFR-1 and VEGFR-2 inhibition on lung and liver metastases using two different cancer cell lines. Surprisingly, VEGFR-1 was found to play a greater role than VEGFR-2 in liver EC proliferation, migration, and capillary tube formation as well as in the vascularization of liver metastases.
Materials and Methods

Cell lines
RenCa renal carcinoma cells, CT26 mouse colon carcinoma cells, SVR mouse angiosarcoma cells, and DC101 and MF-1 hybridoma cells were obtained from the America Type Culture Collection (ATCC). MC26 mouse colon carcinoma cells were obtained from National Cancer Institute (NCI) Tumor Repository. Human umbilical vein ECs (HUVEC) were obtained from Lonza. Human liver sinusoidal ECs and human lung microvascular ECs were obtained from ScienCell. All ECs were used within eight passages. Cancer cell lines were actively passaged for <6 months from the time that they were received from ATCC or NCI Tumor Repository, and the United Kingdom Coordinating Committee on Cancer Research guidelines were followed (16) . Normal mouse lung microvascular EC (m-lung EC) and mouse liver sinusoidal EC (m-liver EC) were isolated from BALB/c mice, as we have previously described (17) . CT26 lung metastases were isolated 3 weeks following tail vein injection, and CT26 liver metastases were isolated 2 weeks following intrasplenic injection. ECs from metastases were isolated in a similar fashion. DC101 and MF-1 antibodies were produced from hybridoma cells using the BD CELLine 1000 system (BD Biosciences) following the manufacturer's instructions.
In vitro EC assays
Human ECs and cancer cell lines were tested after 12 to 24 hours of incubation in Optimen with 1% fetal bovine serum (FBS) for proliferation using a colorimetric MTT assay, migration using a modified Boyden chamber, and/or capillary tube formation using Matrigel, as we have previously described (18) . Recombinant human VEGF (10 ng/mL, NCI), antihuman VEGFR-1 antibody (AF321, 0.5 μg/mL, R&D Systems), antihuman VEGFR-2 antibody (MAB3572, 0.5 μg/mL, R&D Systems), recombinant murine VEGF (10 ng/mL, R&D), antimouse VEGFR-1 antibody (MF-1, 0.5 μg/mL), and/or antimouse VEGFR-2 antibody (DC101, 0.5 μg/mL) were added where indicated. Proliferation of mouse ECs and tumor ECs was assessed using a bromodeoxyuridine (BrdUrd) incorporation assay. Cells were incubated in 10 μmol/L BrdUrd (Sigma) for 12 hours. The incorporated BrdUrd was stained with anti-BrdUrd-FITC (1:50, BD Pharmingen), and a percentage of BrdUrd positive cells were examined by fluorescenceactivated cell sorting (FACS).
FACS analysis
Cells were fixed in 70% ethanol and incubated with mouse anti-CD31 monoclonal antibody (mAb; 1:100; Pharmingen) for 1 hour at 4°C. Cells were then incubated with goat antimouse Alexa 488-conjugated secondary antibody (1:500; Molecular Probes) for 30 minutes at 4°C and analyzed with a FACScan flow cytometer (Becton Dickinson).
Western blot analysis
For Western blot analysis of VEGFRs, ECs in Optimem with 1% FBS were treated with VEGF (10 ng/mL) where indicated. VEGFR neutralizing antibodies were added where indicated 1 hour before addition of VEGF. Cells were harvested 5 minutes after VEGF administration. For normal organs and metastases, tissues were snap frozen in liquid nitrogen and thawed in radioimmunoprecipitation assay buffer containing Complete Protease Inhibitor Cocktail (Roche) and Phosphatase Inhibitor Cocktail (Sigma). DNA was sheared through a 21-gauge needle. Samples were sonicated for 10 to 20 seconds and then centrifuged at 4°C for 20 minutes at 10,000 × g. The supernatant was collected, and protein concentration was determined by BCA Protein Assay Kit (Pierce). Western blot analysis was performed for total and phosphorylated VEGFR-1 and VEGFR-2 using the following antibodies: phosphorylated VEGFR-1 (Tyr 1213 , 1:20,000, Upstate), phosphorylated VEGFR-2 (Tyr 1175 , 1:1,000, Cell Signaling), total VEGFR-1 (1:500, Santa Cruz), and total VEGFR-2 (1:1,000, Cell Signaling).
For signal transducer and activator of transcription 3 (STAT3) Western blot analyses, ECs were treated with VEGF, VEGF-E (10 ng/mL, Fitzgerald Industries), or placental growth factor (PlGF; 10 ng/mL, R&D Systems) for 7 minutes, and lysates were collected and probed for phosphorylated STAT3 (1:2,000, 9145S, Cell Signaling), total STAT3 (1:1,000, 9132, Cell Signaling), and β-actin (1:10,000; Abcam). EC and cancer cells lysates were also examined for neuropilin-1 (NRP-1) by Western blot analysis (1:1,000, Santa Cruz).
Quantitative reverse transcription-PCR
Quantitative real-time PCR analysis was performed using the LightCycler Detection System (Roche Diagnostics) as previously described (19) . Primers for mouse VEGFR-1 and VEGFR-2 were the following: VEGFR-1, (forward) 5′-CGG AAG GAA GAC AGC TCA TC-3′ and (reverse) 5′-CTT CAC GCG ACA GGT GTA GA-3′; VEGFR-2, (forward) 5′-GGC GGT GGT GAC AGT ATC TT-3′ and (reverse) 5′-TCT CCG GCA AGC TCA AT-3′.
Immunohistochemical and immunofluorescence microscopy
CD31 immunohistochemical localization and analysis of microvessel density (MVD) were performed as previously described (19) . For VE-cadherin and CD31 immunofluorescence, cells were fixed and incubated with rat VE-cadherin mAb (1:100, R&D Systems) and mouse anti-CD31 mAb (1:100; Pharmingen) overnight at 4°C. Following washing, sections were incubated with goat anti-rat Alexa 594 (1:500; Molecular Probes) and goat antimouse Alexa 488-conjugated secondary antibodies (1:500; Molecular Probes) for 1 hour at room temperature. Cell nuclei were labeled with Hoechst dye (1 μg/mL). For VEGFR-2 and platelet/EC adhesion molecule 1 (PECAM-1) immunofluorescence, paraffin-embedded tissue sections were incubated with goat anti-PECAM-1 (1:100, Santa Cruz Biotechnology) and mouse anti-VEGFR2 (1:100, Santa Cruz Biotechnology) and then incubated with antigoat Alexa 488 and antimouse Alexa 594-conjugated secondary antibodies (1:500, Molecular Probes). Subsequently, tissues were stained with 4′,6-diamidino-2-phenylindole (0.2 μg/mL) for 3 minutes. Images were obtained on a Zeiss microscope and analyzed using AxioVision 4.0 software (Carl Zeiss Vision).
Mouse studies
All mouse protocols were approved by the Massachusetts General Hospital Subcommittee on Research Animal Care. To generate lung and liver metastases, 0.5-1.5 × 10 6 cells were injected into the tail vein or spleen. The following day, mice were treated with either DC101 (40 mg/kg), MF-1 (40 mg/kg), a combination of DC101 and MF-1, or isotype control IgG1s (40 mg/kg) three times per week. Lungs were harvested at 3 weeks, and livers were harvested at 2 weeks following tumor cell injection. Organs were weighed, fixed in formalin, and then photographed. To determine number and size of metastases, lungs were harvested at 14 days and livers were harvested at 8 days, fixed in formalin, and serially sectioned with 0.5 to 1 mm between sections. Two magnified fields per section and five sections per organ were examined, and metastases were counted by a masked observer. Photographs were taken of each counted field, and the area of each metastasis was determined using SPOT Advanced v4.6 software (Diagnostic Instruments, Inc.).
Statistical analysis
Groups were compared using Instant 3.10 software (Graph-Pad). For comparisons between more than two groups, treatment groups were compared with the control group using one-way ANOVA with Bonferroni adjustment for multiple comparisons. P values of <0.05 were considered significant.
Results
Differential effects of VEGFR-1 and VEGFR-2 inhibition on renal cell carcinoma metastases to the lung versus liver
To specifically assess the contributions of VEGFR-1 and VEGFR-2 activation in promoting angiogenesis in lung and liver metastases, we examined the effects of neutralizing antibodies to VEGFR-1 and/or VEGFR-2 on RenCa renal cell carcinoma liver and lung metastases in syngeneic wild-type BALB/c mice. The RenCa cell line was chosen because it expresses high levels of VEGF compared with other mouse cancer cell lines (19) . MF-1 and DC101 are mAbs that bind and neutralize VEGFR-1 and VEGFR-2, respectively (20, 21) . Mice were injected via tail vein with RenCa cells to generate lung metastases or into the spleen to generate liver metastases. Neutralization of VEGFR-2 with DC101 over 21 days significantly inhibited RenCa lung metastases (26% reduction in mean organ weight), whereas neutralization of VEGFR-1 with MF-1 had minimal effect ( Fig. 1A and B ). In contrast, blockade of VEGFR-1 with MF1 over 14 days inhibited RenCa liver metastases (31% reduction in mean organ weight), whereas blockade of VEGFR-2 with DC101 had minimal effect. Neutralization of both VEGFR-1 and VEGFR-2 with a combination of MF-1 and DC101 did not lead to additional inhibition of either lung or liver metastases. These experiments were repeated two more times with similar results.
Because VEGF signaling is known to play a role in both the establishment of metastatic lesions as well as the growth of metastases, we examined the effects of VEGFR-1 and VEGFR-2 inhibition on the number and size of metastases in the lung and liver. Mice with RenCa lung metastases were treated with neutralizing antibodies, but lungs were harvested at 14 days rather than at 21 days, and the number and size of metastases were examined in serial sections. DC101 treatment led to an appreciable decrease in the size of lung metastases (Fig. 1C ) but had no effect on the mean number of lung metastases ( Supplementary Fig. S1A and B ). Mice with RenCa liver metastases treated with MF-1 (sacrificed at 8 days instead of 14 days) had a significant decrease in the size of liver metastases with no change in the number of liver metastases. Analysis of MVD using CD31 immunohistochemistry or PECAM immunoflurescence of lung and liver metastases, respectively, revealed that decreases in size of metastases due to MF-1 or DC101 treatment was accompanied by decreases in MVD ( Fig. 1D ).
Differential activation of VEGFR-1 and VEGFR-2 in lung and liver ECs
To determine if variations in VEGFR-1 and VEGFR-2 levels in different organ environments could explain differences in response to VEGFR inhibitors, we examined levels of VEGFR-1 and VEGFR-2 in normal mouse lung and liver by both quantitative reverse transcription-PCR (RT-PCR) and Western blot analysis. VEGFR-1 levels were moderately higher in lung compared with liver, and VEGFR-2 levels were roughly equivalent in lung compared with liver (Supplementary Fig. S2A and B ). Thus, different levels of VEGFR-1 and VEGFR-2 in lung and liver did not account for the distinct effects of VEGFR inhibition on lung and liver metastases.
To better assess VEGFR signaling in lung and liver ECs, we next analyzed VEGFRs in lung ECs and liver ECs. Cell lysates were analyzed by Western blot analysis for total and phosphorylated VEGFR-1 and VEGFR-2 before and after the addition of VEGF. In lung EC, VEGF treatment led to phosphorylation of both VEGFR-1 and VEGFR-2 ( Fig. 2A ). However, in liver EC, the addition of VEGF resulted in significant phosphorylation of VEGFR-1 and only minimal phosphorylation of VEGFR-2. Phosphorylation of VEGFR-1 and VEGFR-2 were inhibited by neutralizing antibodies to these receptors. Quantification of VEGFR phosphorylation following VEGF treatment showed greater VEGFR-2 activation in lung EC and greater VEGFR-1 activation in liver EC (Fig. 2B) .
To directly examine the effects of VEGFR-1 and VEGFR-2 signaling on EC function, we analyzed lung EC and liver EC in three different endothelial activation assays: proliferation, migration, and tube formation (Fig. 2C ). Proliferation as measured by both lung EC and liver EC was increased in response to VEGF stimulation. Proliferation of lung EC was inhibited to a greater degree by neutralizing antibody to Research.
on April 15, 2017. © 2010 American Association for Cancer cancerres.aacrjournals.org Downloaded from VEGFR-2 than by neutralizing antibody to VEGFR-1 (42% versus 22%, P < 0.01). In contrast, proliferation of liver EC was inhibited more by VEGFR-1 neutralizing antibody than by VEGFR-2 neutralizing antibody (49% versus 9%, P < 0.001). The same pattern of responses was seen when EC migration was analyzed in a modified Boyden chamber. Anti-VEGFR-2 antibody had a greater inhibitory effect for lung EC (30% versus 12%, P < 0.01), and anti-VEGFR-1 showed greater inhibition of liver EC migration (39% versus 10%, P < 0.05). Finally, for capillary tube formation on growth factor-reduced Matrigel, anti-VEGFR-2 antibody had a greater inhibitory effect on lung EC (27% versus 11%, P < 0.01) and anti-VEGFR-1 antibody had a greater inhibitory effect on liver EC (16% versus 7%, P < 0.001). Combination therapy with both anti-VEGFR-1 and anti-VEGFR-2 antibodies had an additive effect in inhibiting EC proliferation, migration, and tube formation in lung EC but had no additive effect in liver EC.
To confirm the differential effects of VEGFR-1 and VEGFR-2 inhibition on m-lung EC and m-liver EC, we isolated these cells from normal mouse lung and mouse liver. FACS analysis for CD31 before and after the second round of isolation showed significantly increased CD31 expression (Supplementary Fig. S3A ). EC purity was also assessed by double labeling for VE-cadherin and CD31, and the vast majority of cells expressed both EC markers ( Supplementary Fig. S3B ). VEGF treatment of m-lung EC and m-liver EC led to differential activation of VEGFR-1 and VEGFR-2 similar to that seen in human liver and lung ECs. VEGF treatment in m-lung EC led to more phosphorylation of VEGFR-2 than VEGFR-1, whereas VEGF treatment of m-liver EC led to more phosphorylation of VEGFR-1 than VEGFR-2 (Fig. 3A) . Similarly, inhibition of m-lung EC proliferation in vitro was greatest with VEGFR-2 neutralization, whereas inhibition of m-liver EC proliferation was greatest with VEGFR-1 neutralization (Fig. 3B ).
Effects of VEGFR-1 and VEGFR-2 inhibition on colorectal carcinoma lung and liver metastases
To ensure that the differential effects of VEGFR-1 and VEGFR-2 inhibition against liver and lung metastases were a function of the host organ environment and not specific to the RenCa cell line, we performed similar in vivo metastasis experiments using CT26 colon carcinoma cells. For lung metastases, anti-VEGFR-2 therapy with DC101 significantly attenuated the growth of lung metastases (23% reduction in mean weight), but anti-VEGFR-1 therapy had minimal effect ( Fig. 4A and  B ). The addition of MF-1 to DC101 decreased the mean weight by 33%. In contrast to lung metastases, MF-1 or DC101 alone had no effect on liver metastases and only the combination of MF-1 and DC101 inhibited liver metastases (mean weight reduction, 25%). These experiments were repeated two more times with similar results. MVD was decreased up to 55% in lung metastases treated with DC101 or a combination of MF-1 and DC101 ( Fig. 4C and D) . For liver metastases, treatment with MF-1 and DC101 reduced MVD by 43%. Figure 2 . VEGFR-1 and VEGFR-2 expression in human lung and liver ECs and in vitro EC assays. A, Western blot analysis for total and phosphorylated VEGFR-1 and VEGFR-2 in lung ECs and liver EC lysates. VEGF, neutralizing antibody to VEGFR-1 (αVEGFR-1), and neutralizing antibody to VEGFR-2 (αVEGFR-2) were added where indicated. β-Actin blot serves as loading control. B, quantification of VEGFR-1 and VEGFR-2 phosphorylation relative to total VEGFR-1 and VEGFR-2 expression. C, EC proliferation (using MTT assay), migration (using modified Boyden chamber), and capillary tube formation (using Matrigel) for lung EC and liver EC. VEGF, αVEGFR-1, and/or αVEGFR-2 were added where indicated. All data are represented as a percentage with the addition of VEGF alone given a value of 100%. Bars, SD. P values are in text. 
VEGF Receptor Inhibition of Lung and Liver Metastases
VEGFR-1 and VEGFR-2 activation in cancer cells
Some cancer cells have been reported to express VEGFRs, and inhibition of these receptors can have cancer cell autonomous effects (22) . To ensure that the results observed in our in vivo studies were due to effects on ECs and not on the cancer cells, we examined the effect of VEGFR-1 and VEGFR-2 inhibition on CT26 and RenCa in vitro. Western blot analysis revealed VEGFR-1 expression, but not VEGFR-2 expression, by CT26 and RenCa cells (Fig. 5A) . These results were confirmed by quantitative RT-PCR ( Supplementary Fig. S2C ). VEGF treatment led to VEGFR-1 phosphorylation on both cell types ( Fig. 5B ) but had no effect on CT26 or RenCa proliferation (Fig. 5C ). VEGF led to a significant increase in CT26 migration; this increase was small when compared with migration toward 10% serum, and this increase was not inhibited by anti-VEGFR-1 antibody. VEGF had no effect on RenCa migration (Fig. 5D) . To examine other possible VEGFRs that may mediate CT26 migration toward VEGF, we examined levels of NRP-1 in CT26 (and RenCa) cells and found NRP-1 to be present but at low levels compared with HUVEC or SVR mouse angiosarcoma cells ( Supplementary Fig. S2C and D) .
VEGF and VEGFRs in ECs isolated from metastases
In the CT26 lung and liver metastasis models, inhibition of VEGFRs transiently blocked the growth of metastases, but even with continuous treatment, metastases eventually grew to lethal sizes (data not shown). We next compared the expression of VEGFRs in CT26 lung metastases compared with normal mouse lung and found that VEGFR-1 levels remained similar whereas VEGFR-2 levels were significantly lower in lung metastases compared with normal lung (Supplementary Fig. S4A ). To specifically investigate tumor versus normal ECs, ECs were next isolated from CT26 lung metastases and normal mouse lung (Supplementary Fig. S4B ). Mouse lung EC grew in vitro as elongated, spindle-shaped cells, whereas EC isolated from lung metastases appeared more rounded ( Supplementary Fig. S4C ). Western blot analysis showed that VEGFR-1 levels were similar in the two EC types, but that VEGFR-2 levels were significantly reduced in lung metastasis EC compared with normal lung EC (Fig. 6A ). Furthermore, VEGF treatment of normal lung ECs led to VEGFR-2 phosphorylation, whereas VEGFR-2 phosphorylation was not detectable in lung metastasis EC. Normal lung ECs showed significant proliferation in response to VEGF treatment (as assessed by BrdUrd incorporation) that was inhibited by VEGFR-2 neutralizing antibody (Fig. 6B) . In contrast, ECs derived from lung metastases showed a minimal increase in proliferation in response to VEGF and minimal response to VEGFR-2 inhibition.
Using Western blot analysis, CT26 liver metastases examined were found to have lower levels of VEGFR-2 compared with normal liver, whereas levels of VEGFR-1 were equivalent (data not shown). A decrease in VEGFR-2 expression in the vasculature of liver metastases compared with the vasculature of normal liver was confirmed using coimmunofluorescence for VEGFR-2 and PECAM-1 ( Supplementary Fig. S4D ). ECs isolated from CT26 liver metastases were compared with those isolated from normal liver. VEGFR-1 expression was similar in both EC types (Fig. 6C ). After treatment with VEGF, VEGFR-1 was less phosphorylated in liver metastases EC compared with normal liver EC. As shown previously, normal liver ECs showed increased proliferation in response to VEGF, and this proliferation was significantly reduced by anti-VEGFR-1 antibody (Fig. 6D) . In contrast, the proliferation of liver metastasis ECs was only modestly stimulated by VEGF, and this proliferation was minimally inhibited by anti-VEGFR-1 antibody.
Discussion
Varying dependence on VEGFR-1 versus VEGFR-2 during tumorigenesis in different host organ environments has not been well characterized. This study was initiated following an unexpected finding in a mouse model with a targeted deletion of the calcineurin inhibitor Dscr1, which causes a defect in VEGFR-2 signaling and delayed growth of flank xenografts (17) . When experimental lung and liver metastases were generated in these mice, the growth of lung metastases was inhibited but the growth of liver metastases was not (Supplementary Fig. S5 ). We thus hypothesized that VEGFR-1 Research.
on April 15, 2017. © 2010 American Association for Cancer cancerres.aacrjournals.org Downloaded from signaling may play a significant role in the vascularization of liver metastases. Using neutralizing antibodies specific for VEGFR-1 and VEGFR-2, we found that blockade of VEGFR-1 alone was sufficient to delay growth of RenCa liver metastases, whereas blockade of both VEGFR-1 and VEGFR-2 was required to delay growth of CT26 liver metastases. Furthermore, in vitro analyses of ECs from human and murine lungs and livers revealed that liver ECs have more phosphorylation of VEGFR-1 than VEGFR-2 in response to VEGF and that VEGFR-1 inhibition was more effective in blocking VEGFinduced liver EC functions. Finally, analysis of ECs isolated from metastases compared with normal tissues suggested that downregulation of VEGFRs and/or independence from VEGF-mediated proliferation may account for resistance to VEGFR inhibitors.
Several studies have examined organ-specific differences in VEGFR-1 and VEGFR-2 signaling in liver and lung development and regeneration. It has been reported that activation of VEGFR-1 in liver ECs led to the production of factors that protected the liver parenchyma from injury and initiated liver regeneration (23) . In another study, VEGFR-2 inhibition had only a minor effect on liver regeneration in mice following partial hepatectomy; VEGFR-1 inhibition was not examined (24) . Using a transgenic mouse expressing a luciferase reporter gene under the control of the VEGFR-2 promoter, the highest level of VEGFR-2 activity was found in the lung (25) . Blockade of VEGFR-2 signaling in the perinatal period disrupted lung development in mice, whereas VEGFR-1 blockade had no effect (26) . Our observation of differences in the efficacy of VEGFR inhibitors for lung and liver metastases are consistent with these reported organspecific differences.
Numerous VEGF pathway inhibitors are currently in clinical use for patients with metastatic disease from solid tumors. Some of these therapies, such as bevacizumab (an anti-VEGF antibody), are effective as single agents against highly vascular metastases, such as those from renal cell cancer (27) . Bevacizumab is also effective when combined with chemotherapy for metastases for less vascular tumors, such as colorectal cancer (28) . The majority of the effects of bevacizumab against metastases have previously been thought of as a result of the inhibition of VEGFR-2 signaling (29) , and specific VEGFR-2 inhibitors are currently in clinical trials (30) . However, preclinical testing of new antiangiogenic agents does not often include examination of metastases in multiple different organ environments, and this is the first study to examine the effects of VEGFR-1 and VEGFR-2 inhibition against ECs from different host organs and against metastases in different host organs.
Both CT26 and RenCa cells express VEGFR-1, and VEGF may promote CT26 migration in vivo. However, the disparate effects of VEGFR-1 inhibition in the liver and lung are unlikely due to the effects of VEGFR-1 inhibition on cancer cells given it had no effect on CT26 migration. Moreover, the differential effect of VEGFR-1 inhibition against metastases in the liver and lung environments was also observed for RenCa cells, whose proliferation or migration is unaffected by VEGFR-1 inhibition. CT26 and RenCa liver metastases responded differently to VEGFR inhibition; RenCa cells responded to neutralization of only VEGFR-1 whereas CT26 cells required blockage of both VEGFR-1 and VEGFR-2. The relatively higher levels of VEGF secreted by RenCa may select for VEGF-dependent EC growth, which may sensitize these metastases to VEGFR inhibition to a greater extent than CT26 metastases.
There are a variety of mechanisms by which tumors may escape angiogenesis inhibition, including upregulation of alternative angiogenic factors and pathways, development of established/mature tumor vasculature, and co-option of neighboring normal vasculature (31) . It has been shown that blocking VEGFR-2 in a transgenic model of spontaneous pancreatic islet tumors led to an increase in hypoxia and upregulation not only of VEGF but also of the basic fibroblast growth factor, angiopoietin 1 and other angiogenic factors (32) . We previously found that the profile of proangiogenic factors upregulated in response to overexpression of endogenous angiogenesis inhibitors varied among different tumor types (19) . In this study, we further find that ECs in lung and liver metastases exhibit reduced expression of VEGFRs and/or adopt mechanisms for VEGF-independent growth. We would postulate that the bulk of the inhibitory effect of VEGFR-1 or VEGFR-2 antibody on metastases occurs in the initial vascularization of microscopic metastases from normal liver or lung ECs and that macroscopic metastases and tumor ECs become dependent on non-VEGF pathways to induce angiogenesis.
There are several possible explanations why VEGFR-1 plays a more prominent role in liver EC function and liver metastases, whereas VEGFR-2 plays a more prominent role in lung EC function and lung metastases. For example, the interaction of VEGFR-1 and VEGFR-2 in activating intracellular signaling pathways such as STAT3 (33) may vary in liver Figure 6 . Tumor ECs with VEGFR downregulation and VEGF-independent growth. A, Western blots for total VEGFR-1, total VEGFR-2, and phosphorylated VEGFR-2 before and after mVEGF treatment for m-lung EC, CT26 lung metastasis ECs (lung metastasis EC), and CT26 cells. β-Actin blot serves as loading control. B, proliferation of m-lung EC and lung metastasis EC as measured by BrdUrd incorporation. C, Western blots for total VEGFR-1 and phosphorylated VEGFR-1 for m-liver ECs and CT26 liver metastasis ECs (liver metastasis EC) before and after treatment with mVEGF. D, proliferation of m-liver EC and liver metastasis EC as measured by BrdUrd incorporation. Murine VEGF (10 ng/mL), αVEGFR-1 (MF-1, 0.5 μg/mL), and αVEGFR-2 (DC101, 0.5 μg/mL) were added where indicated. All data are represented as a percentage with the addition of mVEGF alone given a value of 100%. Bars, SD. *, P < 0.05.
EC versus lung EC. Using the VEGFR-1-specific ligand PlGF and the VEGFR-2 specific ligand VEGF-E, we found that PlGF activated STAT3 more in liver EC than in lung EC and that VEGF-E (compared with VEGF-A) activated STAT3 more in lung EC than in liver EC ( Supplementary Fig. S6 ). Our studies used experimental metastasis models and not spontaneous metastasis models. The primary rationale for the use of experimental metastasis models was to examine the effects of VEGFR-1 and VEGFR-2 inhibition on established micrometastatic disease. The vast majority of patients receiving inhibitors of VEGF signaling have established metastatic diseases. The use of spontaneous metastasis models would need to account for the effects of VEGFR inhibition on both the primary tumor and developing metastases, and it may be difficult to separate these two effects. In addition, the trafficking of bone marrow-derived cells (BMDC), some of which express VEGFRs, into the tumor microenvironment, may differ between lung and liver metastases, and effects on VEGFR-1 inhibition on BMDCs may contribute to the inhibition of liver metastases (34) . However, our analysis of liver ECs in vitro identifies VEGFR-1 as an important receptor for proliferation, migration, and tube formation.
Thus, the activity of VEGFR-1 and VEGFR-2 neutralizing antibodies against metastases varies based on host organ environment. Knowing that there is significant heterogeneity among ECs in various microvascular beds, it is logical that the effects of VEGFR inhibition against metastases in various locations may differ. As specific VEGFR-targeted agents move forward into clinical trials for the treatment and possibly prevention of tumors and metastases, differences in the activity and efficacy of these agents in various organ environments should be considered.
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